The role of AMP-activated protein kinase (AMPK) in pancreatic β-cell apoptosis is still controversial, and the reasons for the discrepancies have not been clarified. In the current study, we observed the effects of two well-known AMPK activators 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) and metformin, on apoptosis in rat insulinoma INS-1E cells, and further explored their possible mechanisms. Both AICAR and metformin protected INS-1E cells from palmitate-induced apoptosis, as reflected by decreases in both cleaved caspase 3 protein expression and caspase 3/7 activity, and these protective effects were abrogated by AMPK inhibitor compound C. The protective action of AICAR was probably mediated by the suppression of triacylglycerol accumulation, increase in Akt phosphorylation and decrease in p38 MAPK phosphorylation, while metformin might exert its protective effect on INS-1E cells by decreases in both JNK and p38 MAPK phosphorylation. All these regulations were dependent on AMPK activation. However, under standard culture condition, AICAR increased JNK phosphorylation and promoted INS-1E cell apoptosis in an AMPK-dependent manner, whereas metformin showed no effect on apoptosis. Our study revealed that AMPK activators AICAR and metformin exhibited different effects on INS-1E cell apoptosis under different culture conditions, which might be largely attributed to different downstream mediators. Our results provided new and informative clues for better understanding of the role of AMPK in β-cell apoptosis.
Introduction
As cellular energy sensor, AMPK exerts pleiotropic benefits to control metabolic homeostasis by regulating glucose and lipid metabolism in insulin-sensitive tissues including liver, skeletal muscle and adipose tissue [1] . However, its role in β-cells still remains controversial and the major dispute arises in its role in β-cell apoptosis, which could be largely attributed to differences in cell lines and culture conditions [2] . AICAR, a specific AMPK activator, was reported to inhibit high glucose-induced apoptosis in INS-1E cells [3] , but could also synergize with glucose to induce apoptosis in MIN6N8 cells [4] . The seemingly contradictory results suggested that effect of AICAR on β-cell apoptosis under the same culture condition might be cell line specific. Therefore, for studies designed to explore the mechanisms of effects of AMPK activators on β-cell apoptosis, it seems more rational to carry out the studies in the same cell line. However, multiple investigations showed that AMPK activators exhibited different effects on apoptosis in the same cell line under different culture conditions. For instance, AICAR could protect β-cells against
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International Publisher palmitate-induced apoptosis, but could also induce apoptosis under standard culture condition in MIN6 cells [5] [6] [7] . This was also the case for metformin in this cell line, and regulation of apoptosis were dependent on activation of AMPK by metformin [5, 8] . Similarly, AICAR was demonstrated to inhibit palmitate-induced apoptosis in INS-1E cells, but also promote apoptosis under standard culture condition [9, 10] . However, whether the antiapoptotic or proapoptotic effect of AICAR in this cell line required activation of AMPK is unclear. In addition, effects of metformin on apoptosis under palmitate-challenged and standard culture conditions in INS-1E cells have not been defined.
In pathological state, β-cell apoptosis is primarily initiated by chronic exposure to elevated concentrations of glucose and saturated fatty acids, which is currently defined as 'glucolipotoxicity' and could be induced by chronic exposure of β-cells to palmitate [11] [12] [13] . The precise biochemical basis of glucolipotoxicity is still under extensive investigation. Emerging evidences indicate that abnormal lipid partitioning consequent to dysregulated nutrition metabolism is considered to be fundamental. In overt diabetes state, chronic exposure of excessive glucose leads to accumulation of malonyl-CoA, an allosteric inhibitor of carnitine palmitoyltransferase 1 (CPT1). CPT1 is the rate-limiting enzyme of fatty acid oxidation. As a consequence, superfluous fatty acids incorporate into lipids such as triacylglycerol (TG), ceramide, diacylglycerol and other metabolic intermediates, most of which are detrimental to β-cells [12, [14] [15] [16] . In liver and muscle, activation of AMPK increases fatty acid oxidation and inhibits lipogenesis through phosphorylating its substrate acetyl coenzyme A carboxylase (ACC), leading to decreased lipids deposition [1] . However, it remains unclear whether AMPK activators could also exert such lipid-lowering effect in palmitate-challenged β-cells. Moreover, effects of AMPK activators on β-cell lipid deposition were infrequently covered in studies on their protective effect on palmitate-induced apoptosis.
Previous investigations have shown that multiple signalling pathways are involved in palmitate-induced β-cell apoptosis. Exposure of β-cells to palmitate impairs phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway, and there is evidence that activation of PI3K/Akt signalling improves β-cell function and prevents palmitate-induced apoptosis [17, 18] . Moreover, chronic exposure to palmitate activates mitogen-activated protein kinases (MAPKs) signalling, c-jun N-terminal kinase (JNK) and p38 MAPK in particular. JNK and p38 MAPK are activated via various cellular stress and trigger apoptosis in several cell lines [19] . This is also the case in β-cells that activation of JNK and p38 MAPK has been proposed to be involved in palmitate-induced apoptosis [20] , and their specific inhibitors could prevent apoptosis [6, 21] .
In the present study, we compared the effects of AICAR and metformin on apoptosis in rat insulinoma INS-1E cells, and further investigated the underlying mechanisms including lipid metabolism and alterations in Akt and MAPK signalling. These results provided additional insights to resolve the controversies related to the effects of AMPK on β-cell apoptosis.
Materials and Methods

Chemicals and reagents
AICAR and metformin were purchased from Toronto Research Chemicals (ON, Canada) and Sigma-Aldrich (MO, USA) respectively. Compound C and JNK-IN-8 were from Millipore (MA, USA) and Selleck (China) respectively. Palmitate/BSA solution was prepared as previously described [22] . In brief, 100 mM palmitate (Sigma-Aldrich) stock was dissolved in 5% (w/v) fatty acid free BSA (PAA Laboratories, QLD, Australia) in a 55℃ water bath and filtered. The palmitate and BSA solutions were cooled to room temperature and diluted in serum-free medium to concentrations of 0.25 mM and 0.25%, respectively.
Cell culture
Rat insulinoma INS-1E cells (a kind gift from Dr L.G. Luo, Brown University Medical School, USA) (passage [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (11.1 mM glucose), supplemented with 10% (v/v) FBS (Hyclone, UT, USA), 1 mM sodium pyruvate, 10 mM HEPES, 50 μM β-mercaptoethanol, 100 units/ml penicillin and 100 μg/ml streptomycin at 37℃ and 5% CO2. For experiments, cells were incubated in the presence of 0.25 mM palmitate (palmitate-challenged condition) or in the absence of palmitate (standard culture condition) for indicated time.
Caspase 3/7 activity assay
After culturing in black 96-well optical-bottom plates for 24 h, cells were exposed to 0.25 mM palmitate with or without compounds for 16 h. Caspase 3/7 activity was measured with Apo-ONE ® Homogeneous Caspase-3/7 Assay kit (Promega, WI, USA) according to manufacturer's instruction. Briefly, equal volumes of Caspase-3/7 reagent were added to each sample and incubated for 3 h at room temperature. Fluorescence was determined at lengths of 499 nm/521 nm (excitation/emission).
Fatty acid oxidation
Fatty acid oxidation was determined by meas-urement of 3 H 2 O released from [ 3 H]-palmitatic acid. In brief, after exposure to 0.25 mM palmitate with or without compounds for 10 h, cells were further incubated in fresh medium containing 0.5 μCi/ml [ 3 H]-palmitatic acid (PerkinElmer, MA, USA) and 1 mM carnitine at 37℃ for 2 h. The supernatant was collected and mixed with 10% activated charcoal (Sigma-Aldrich), followed by centrifugation at 13,000 rpm for 20 min. 3 H 2 O in the aqueous phase was measured by liquid scintillation counting (Perkin Elmer Trilu, MA, USA) and normalized to protein contents.
Measurement of cellular TG content
Cells cultured in 6-well plates were exposed to 0.25 mM palmitate with or without compounds for 10 h and then harvested by trypsinization, pelleted by centrifugation, resuspended in distilled water and ultrasonized. Total TG content in the lysate was determined enzymatically with commercial kits (East Ou Jin Ma Biotech, Wenzhou, China). Absorbance was normalized to protein contents.
Western blot
Samples were prepared as previously described [23] . Equal protein samples (20 or 30 μg) were separated by SDS-PAGE, transferred to PVDF membranes, and blotted with primary antibodies against cleaved caspase 3 (17 kDa), GAPDH (37 kDa), phosphorylated AMPK (Thr 172 , 62 kDa), phosphorylated ACC (Ser 79 , 280 kDa), phosphorylated Akt (Ser 473 , 60 kDa), phosphorylated JNK (Thr 183 /Tyr 185 , 54 kDa for p54 JNK and 46 kDa for p46 JNK) and phosphorylated p38 MAPK (Thr 180 /Tyr 182 , 43 kDa). Subsequently, samples were incubated with anti-rabbit IgG HRP-linked antibody. Primary antibodies and anti-rabbit IgG HRP-linked antibody were purchased from Cell Signaling Technology (MA, USA) and Bio-Rad (CA, USA) respectively. The signals were detected by the ECL TM Prime Western Blotting Detection Reagent (GE healthcare, Buckinghamshire, UK) and quantified by densitometry (Bio-Rad).
Statistical analysis
All data were presented as means ± SEM. and P value was analyzed by Student's t test or ANOVA. Values of P<0.05 were considered statistically significant.
Results
AICAR and metformin protect INS-1E cells from palmitate-induced apoptosis
INS-1E cells were exposed to 0.25 mM palmitate with or without compounds for 16 h. Challenge of INS-1E cells with palmitate resulted in a significant increase of cleaved caspase 3 protein expression, an important biomarker of apoptosis, and this index was markedly reduced by 57% and 34% in the presence of 1 mM AICAR and 2 mM metformin respectively (P<0.01 vs palmitate-exposed cells; Fig. 1A and 1B) . Meanwhile, AICAR and metformin showed similar inhibition of palmitate-induced apoptosis in terms of decreased caspase3/7 activity (P<0.01 vs palmitate-exposed cells; Fig. 1C ). 
AICAR and metformin prevent palmitate-induced INS-1E cell apoptosis in an AMPK-dependent manner
Under condition of palmitate-induced apoptosis, both AICAR and metformin increased AMPK and ACC phosphorylation (P<0.05 and P<0.01 vs palmitate-exposed cells; Fig. 2A) . Furthermore, in combination with AMPK inhibitor compound C (10 μM), the protective effect of AICAR (Fig. 2B) and metformin (Fig. 2C) were abrogated, as shown by relief of decreased cleaved caspase 3 protein expression. These findings demonstrated that prevention of palmitate-induced INS-1E cell apoptosis by AICAR and metformin were dependent on their activation of AMPK.
Effects of AICAR and Metformin on fatty acid oxidation and TG accumulation in palmitate-challenged INS-1E cells
Based on the principle of glucolipotoxicity, effects of AICAR and metformin on fatty acid oxidation and TG content were detected. Chronic exposure of INS-1E cells to 0.25 mM palmitate resulted in a ~30% reduction of fatty acid oxidation, which was not rescued by an incubation with 1 mM AICAR or 2 mM metformin (Fig. 3A) . In addition, cellular TG content increased 2.7-fold with palmitate incubation for 16 h. AICAR significantly inhibited TG accumulation, whereas metformin had no effect (P<0.01 vs palmitate-exposed cells; Fig. 3B) . Furthermore, the lipid-lowering effect of AICAR was completely abrogated in the presence of compound C (Fig. 3C) . This indicated that AICAR might inhibit palmitate-induced TG accumulation through activation of AMPK.
Signalling mechanisms involved in AICAR and metformin inhibition of palmitate-induced INS-1E cell apoptosis
Since impairment of PI3K/Akt signalling pathway and activation of JNK and p38 MAPK are involved in palmitate-induced β-cell apoptosis, effects of AICAR and metformin on Akt, JNK and p38 MAPK phosphorylation were first investigated under palmitate-challenged condition. After incubation with 0.25 mM palmitate for 16 h, Akt phosphorylation decreased, JNK phosphorylation increased and p38 MAPK phosphorylation remained unchanged. Under this stress condition, AICAR could largely reverse the inhibitory effect of palmitate on Akt phosphorylation and significantly decrease p38 MAPK phosphorylation. However, an unexpected additional increase in JNK phosphorylation was observed. On the other hand, metformin scarcely affected Akt phosphorylation, but significantly decreased both JNK and p38 MAPK phosphorylation (P<0.05 and P<0.01 vs palmitate-exposed cells; Fig. 4A ).
Given that both AICAR and metformin could protect against palmitate-induced apoptosis in an AMPK-dependent manner, we studied whether regulations on Akt, JNK and p38 MAPK by AICAR and metformin were downstream of AMPK activation. After application of compound C, AICAR-mediated increase of Akt and JNK phosphorylation and de-crease of p38 MAPK phosphorylation were abolished (Fig 4B) . Moreover, suppression of both JNK and p38 MAPK phosphorylation by metformin was also reversed by application of compound C (Fig 4C) . This indicated that regulations of these kinases by AICAR or metformin were all dependent on their activation of AMPK signalling pathway.
AMPK-activated JNK contributes to AICAR-induced INS-1E cell apoptosis under standard culture condition
Considering the possibility that activation of JNK by AICAR might cause cell apoptosis under standard culture condition, INS-1E cells were incubated with 1 mM AICAR or 2 mM metformin for 16 h. Assessment of JNK phosphorylation and cleaved caspase 3 protein expression was performed. Under this condition, chronic treatment of AICAR indeed increased JNK phosphorylation, whereas metformin decreased JNK phosphorylation (P<0.01 vs control) (Fig. 5A) . Simultaneously, we observed a moderate increase in the cleaved form of caspase 3 (P<0.05 vs control) after treatment with AICAR, but metformin had no effect on it (Fig. 5B) . This demonstrated that AICAR, but not metformin, would trigger cell apoptosis under standard culture condition.
The JNK inhibitor JNK-IN-8 was then applied to identify the role of AICAR-activated JNK in mediating cell apoptosis. As Figure 5C showed, AICAR failed to increase JNK phosphorylation and cleaved caspase 3 protein expression in the presence of JNK-IN-8, implicating that JNK activation contributed to AICAR-induced apoptosis. Moreover, AICAR markedly increased AMPK and ACC phosphorylation, and AICAR was incapable promoting cell apoptosis and increasing JNK phosphorylation in the presence of compound C (Fig. 5D ). This revealed that AMPK activation was responsible for AICAR-mediated cell apoptosis and JNK activation.
Discussion
In recent years, extensive in vitro and in vivo studies on the role of AMPK in β-cell apoptosis were carried out; however, no definite conclusions have been drawn [2] . In the current investigation, we studied the effects of AICAR and metformin on apoptosis under both palmitate-challenged and standard culture conditions in rat insulinoma INS-1E cells. We showed that both AICAR and metformin could exert AMPK-dependent protection against palmitate-induced apoptosis via different downstream mechanisms. AICAR might prevent apoptosis by reversing TG overload, activating Akt and inhibiting p38 MAPK. By contrast, metformin protected INS-1E cells probably through suppression of JNK and p38 MAPK. All these regulations were dependent on activation of AMPK signalling pathway. On the other hand, under standard culture condition, AICAR would induce apoptosis through AMPK-mediated JNK activation; while metformin did not induce apoptosis (Fig. 6) . Therefore, we speculated that different culture conditions and differences in downstream mediators were the primary causes for the differential regulations of apoptosis by AICAR and metformin in INS-1E cells. This speculation provided a new insight into the current understanding of the controversies regarding the role of AMPK in β-cell apoptosis. INS-1E cells were exposed to 0.25 mM palmitate with or without 1 mM AICAR or 2 mM metformin for 16 h, followed by immunoblotting of Akt, JNK and p38 MAPK phosphorylation. (B, C) INS-1E cells were preincubated with or without compound C (10 μM) for 30 min, and then exposed to 0.25 mM palmitate with or without 1 mM AICAR (B) or 2 mM metformin (C) for 16 h, followed by immunoblotting of Akt (only for AICAR), JNK and p38 MAPK phosphorylation. Representative immunoblots were shown and protein contents were quantified separately from three or four independent experiments. * P<0.05 and ** P<0.01 vs control (cells exposed to 0.25% BSA) or corresponding columns as indicated; # P<0.05 and ## P<0.01 vs cells exposed to 0.25 mM palmitate. Palm, palmitate; Met, metformin.
According to the basis of glucolipotoxicity, accumulation of detrimental lipids is an instrumental initiator of β-cell apoptosis. In β-cells, overexpression of lipogenic transcription factor sterol regulatory element binding protein-1c (SREBP-1c) could reproduce the phenotypes of glucolipotoxicity including excess TG deposition and cell apoptosis [9, 24] . Moreover, progressive TG accumulation contributes to the onset of β-cell failure in Zucker diabetic fatty (ZDF) rat, a typical type 2 diabetes model characterized with β-cell apoptosis [25] [26] [27] . AICAR and metformin have been claimed to decrease hepatic lipid accumulation by inducing fatty acid oxidation and suppressing lipid synthesis [28] [29] [30] . Similarly, previous findings suggested that both TG overload and apoptosis could be reversed by AICAR in β-cells with SREBP-1c overexpression [9, 24] . Besides, AICAR and troglitazone might preserve β-cell function in ZDF rats probably through reducing lipids deposition [31, 32] , further highlighting the significance of the hypolipidemic action of AMPK activators in protecting β-cells. Therefore, effects of AICAR and metformin on lipid contents were determined in the context of palmitate-induced apoptosis, and herein TG was set as a paradigm of deposited lipids. We found that AICAR could reverse palmitate-induced TG accumulation, and this effect mainly relied on activation of AMPK and inhibition of ACC, similar to its effect on peripheral tissues. However, metformin had no effect on TG overload, as supported by findings that metformin protected human islets from lipotoxicity without changing TG levels [33] . The reasons for the different regulations of AICAR and metformin on TG accumulation are unknown and require further investigation. Since metformin did not affect TG deposition, other mechanisms might be involved in mediating its antiapoptotic action. As mentioned above, PI3K/Akt and MAPK signalling pathways are involved in palmitate-induced β-cell apoptosis, and there is preliminary evidence that inhibition of JNK was implicated in metformin-mediated prevention of ER stress-induced β-cell apoptosis [34] . Based on this, we studied the effect of metformin on JNK phosphorylation in palmitate-challenged INS-1E cells, and found that metformin markedly inhibited JNK phosphorylation. Unexpectedly, AICAR showed an additional increase in JNK phosphorylation in the presence of palmitate. Moreover, both AICAR and metformin could inhibit p38 MAPK phosphorylation. However, AICAR significantly increased Akt phosphorylation, whereas metformin scarcely affected it. Therefore, different regulations of TG overload and phosphorylation of JNK and Akt obviously indicated that AICAR and metformin prevented palmitate-induced INS-1E cell apoptosis via different downstream mechanisms. According to previous investigations, whether AICAR and metformin could regulate Akt, JNK or p38 MAPK through activation of AMPK remained unclear. Nevertheless, our study clearly showed that effects of AICAR or metformin on Akt (only for AICAR), JNK and p38 MAPK were dependent on their activation of AMPK signalling, further suggesting their involvement in AMPK-dependent prevention of palmitate-induced apoptosis by AICAR or metformin.
Sustained activation of JNK triggers apoptosis in response to multiple types of stress and has been proposed to mediate apoptosis in β-cells chronically exposed to palmitate [19, 20] , which was successfully achieved in our cell preparations. In our study, an additional activation of JNK by AICAR was observed in the presence of palmitate, raising the possibility that AICAR-induced JNK activation could cause INS-1E cell apoptosis. In the present study, we observed that AICAR stimulated JNK and triggered cell apoptosis under standard culture condition, which was blunted by application of JNK inhibitor JNK-IN-8. Besides, cell apoptosis and JNK activation were both abrogated as AMPK signalling was inhibited by compound C. These results unveiled a conceivable sequence from AMPK, over JNK to caspase 3, which was responsible for AICAR-induced apoptosis under this condition. The same mechanism has been demonstrated to mediate AICAR-triggered apoptosis in MIN6 cells [6] . Additionally, AICAR was reported to cause apoptosis in rat and mouse primary β-cells in an AMPK-dependent manner, and this proapoptotic action was absent in β-cells isolated from AMPKα2-deficient mice [21] . As for metformin, it exerted remarkable suppression on JNK and did not cause apoptosis. Based on the causal role of JNK activation in AICAR-triggered apoptosis, inhibition of JNK was likely a key contributor in the non-apoptotic effect of metformin.
Given that JNK activation contributed to AICAR-induced INS-1E cell apoptosis under standard culture condition, AICAR should have synergized with palmitate to cause apoptosis. However, AICAR-mediated reversal of TG overload, activation of Akt and inhibition of p38 MAPK under palmitate-challenged condition were sufficient to compensate for the impairment caused by JNK activation. Thus, an antiapoptotic action was ultimately presented. Nevertheless, TG was not overloaded under standard culture condition (without exposure of palmitate), and thus the protective part contributed by reversion of palmitate-induced TG accumulation was gone. Therefore, the detrimental role of JNK activation might occur, thereby triggering apoptosis.
In conclusion, the present study demonstrated that different regulations of AICAR and metformin on INS-1E cell apoptosis were caused by differences in culture conditions and downstream mediators. Our work should be informative for future investigations focusing on the effects of AMPK activators on apoptosis in other β-cell lines or primary β-cells.
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